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Abstract: Anti-resonant hollow-core fibers are optical fiber waveguides 
which exhibit very low dispersion, high damage threshold and ultra-low 
nonlinear response. However, they typically deliver the light in several 
spatial modes, whereas their application usually requires that they support a 
single spatial mode. We report the principles, fabrication, demonstration 
and characterization of anti-resonant hollow-core fibres with strong 
differential modal attenuations and low overall attenuations. These fibers 
perform as single-mode and are eminently suitable for delivery of powerful 
ultrashort optical pulses in machining, cutting, welding and multiphoton 
microscopy applications. 
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 
License. Further distribution of this work must maintain attribution to the author(s) and the 
published article’s title, journal citation, and DOI. 
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1. Introduction 
Anti-resonant hollow-core optical fibers (AR-HCFs) are a form of microstructured fiber in 
which light is trapped in the hollow core by a microstructured cladding material [1–4]. The 
confinement mechanism of AR-HCFs is reflection from a thin glass core wall which functions 
like a Fabry-Perot resonator [5, 6]. At anti-resonant wavelengths leakage from the core is thus 
substantially reduced, giving attenuations as low as a few tens of dB/km [4]. The fact that the 
light propagates in a large hollow (or, typically, air-filled) core confers favourable properties 
on the fiber, namely a high damage threshold, very low dispersion and ultra-low nonlinear 
response. As a result, AR-HCFs are outstanding candidates for applications which demand 
delivery of powerful picosecond and sub-picosecond optical pulses over lengths of a few to a 
few tens of meters [7–10], where conventional optical fibers are simply not up to the task. 
However, higher-order mode suppression in transmission through short lengths of AR-
HCFs is a major challenge. In AR-HCFs, no mode cut-off condition exists and all modes 
propagate although with different attenuations. The existence of higher-order core modes 
degrades the beam quality at the fiber output and reduces its utility for many applications. 
Previous investigations of single-mode guidance of hollow-core fibers have included the 
study of photonic bandgap hollow-core fiber (PBG-HCF) [11,12]. The coupling between 
higher-order modes of the core and fundamental modes of ancillary shunt cores embedded in 
the cladding is optimized by phase matching [13]. 
In comparison with PBG-HCFs, AR-HCFs are characterized by their much simpler 
cladding structures [4], which leaves us some flexibility in cladding design for higher-order 
mode suppression. In 2010, Vincetti and Setti studied the stripping of higher-order mode 
propagation using different designs of cladding of AR-HCFs [14]. In 2015, Wei et al 
discussed using the cladding itself instead of introducing extra defects to achieve specific 
TE01 mode suppression in AR-HCF [15]. Later, Günendi et al predicted broad-band single-
mode guidance in AR-HCF by introducing a 6-capilllary cladding design [16]. Later, they 
experimentally demonstrated the single mode guidance of 57 cm piece of 6 capillary AR-HCF 
but with an attenuation around 0.18 dB/m at 1.6 µm [17], which might be acceptable for some 
applications but is a lot higher than the state of the art. During the course of this work, 
Michieletto et al numerically demonstrated the advantage of 7 capillary cladding design of 
AR-HCF in higher-order mode suppression [10]. However, in the experimental work in that 
paper the suppression of LP11 and other higher-order modes could only be achieved by 
introducing bending because the fabricated fiber cross section did not sufficiently match the 
desired specification for LP11 mode stripping. The multimode transmission property was 
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confirmed in a similar 7 capillary cladding AR-HCF recently and an over octave transmission 
spectral window was reported [18]. The challenge we have addressed in this work is of robust 
fundamental-mode beam delivery in a hollow core with state-of-the-art optical attenuation, 
without relying on fiber bending. 
One of the difficulties in implementing proposed designs of AR-HCFs [10, 17, 18] is fine 
tuning the cladding structure for precise phase matching between the core and cladding 
modes. Stripping the LP11 mode is particularly important because yet higher-order core modes 
are less likely to be excited and will naturally have higher attenuation rates. In this paper, we 
experimentally demonstrate broad-band low-loss single-mode performance centered at 1 µm 
wavelength. LP11-mode-free transmission over 10m length was verified by S2 
characterisation. In transmission through shorter (e.g. 2 m) lengths, LP21-like mode was 
confirmed with about 2 dB/m attenuation, nearly 100 times higher than for the LP01 mode. By 
scaling this design for other wavelengths, low-loss single-mode performance is also reported 
at visible wavelengths. 
2. Fiber design and fabrication 
 
Fig. 1. Scanning electron microscope images of AR-HCFs designed and fabricated with low 
loss transmission bands centred at 1 µm. Left: AR-HCF of 8 capillary cladding design. The 
inscribed diameter of core region is about 36 µm. Right: AR-HCF of new 7 capillary cladding 
design. Fitting an ellipse to the core region, we find long and short axes of 28 µm and 25.5 µm. 
The design principle we have used is to phase-match the propagation constants of the 
fundamental modes of the capillaries forming the cladding to that of the unwanted higher 
mode of the core [10, 16, 17]. The LP11 in the core is thus coupled into the cladding and lost 
from the core. The desired fundamental core mode is not phase matched to any cladding 
modes and is unaffected, remaining low-loss. Here, we use the simple model of AR-HCF with 
the cladding made of circular capillaries to illustrate the general design principle of our 
approach. The effective refractive index of modes of a circular hollow waveguide can be 
estimated by Marcatilli and Schmeltzer’s formula [19], 
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where λ is the wavelength, r is the radius of core, mVν is the mth zero root of first kind of 
Bessel function of 1ν − order. 
In the case of a cladding made of circular capillaries, phase matching between LP11 mode 
of the core and fundamental modes of the air holes in the cladding requires that the ratio of 
their diameters core cladD D should satisfy [17], 
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This ratio is very far from achieved in the cladding lattice of PBG-HCFs or “Kagome” 
type HCFs, and although much closer, is still not achieved in our previous AR-HCF designs 
(see Fig. 1 left). To reduce the ratio of core cladD D in the fibers reported here we have reduced 
the number of capillaries in the cladding to seven which also reduces the absolute core 
diameter (Fig. 1 right and figures in Section 5). 
3. Leakage loss measurement and mode excitation 
 
Fig. 2. (a) Measured attenuations of AR-HCFs by cut-back measurement. 8 capillary cladding 
AR-HCF was cut from 57.5 m to 20 m; 7 capillary cladding AR-HCF was cut from 45 m to 
11.8 m. (b) Near field images of mode patterns at the output end of 11.5 m 8 capillary cladding 
AR-HCF under 1D input scan. (see Visualization 1). (c-1) and (c-2) Near field images of 
modes at the output end of 11.3 m and 1.02 m 7 capillary cladding AR-HCF under 1D scan. 
(see Visualization 2 and Visualization 3 respectively). The step of spatial scan is 5 µm. Due to 
the core size difference, fewer images are shown in (c-1) and (c-2). 
Figure 2(a) shows the attenuation curves measured in the two fibers. Although we do not 
believe that bend loss is significant in the measurement [4], the fibers were rewound onto 
identical drums 31.8 cm in diameter to be certain that bend loss could not affect the 
comparison. The 8-capillary cladding AR-HCF was cut from 57.5 m to 20 m and the 7 
capillary cladding AR HCF was cut from 45 m to 11.8 m. In the cutback measurements, the 8 
capillary cladding AR-HCF had the near field images displaying a ‘donut-like’ pattern (Fig. 
2(b)) at both lengths. A rich content of LP11 modes implies that the calculated attenuation 
reflects an average of both LP01 and LP11 modes. In contrast, only the fundamental mode was 
found in the cutback of the 7 capillary cladding AR-HCF. The minimum attenuation is below 
0.025 dB/m around 1064 nm which is comparable to the previously-reported best figure of 
0.026 dB/m at 1041 nm for a 32 µm core size in 8 capillary cladding AR-HCF [20]. There are 
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ripples in the attenuation curves of both fibers. We believe such features may be related to 
modes of the silica struts in the cladding. 
Figures 2(b) and 2(c-1) are the near field images at the output of two AR-HCFs of similar 
lengths (11.5 m of 8 capillary AR-HCF and 11.3 m of 7 capillary AR-HCF) observed when 
scanning the input across the core. A conventional single-mode fiber with cut-off wavelength 
around 630 nm was used to butt-couple the input. A supercontinuum was used as a light 
source. The output end of the single-mode fiber was brought as close as possible to the input 
of the AR-HCF under test. The transverse position of the single-mode fiber was controlled by 
translation stages, and was scanned across the core diameter of the AR-HCF under test. The 
near field images of the output of the AR-HCFs were recorded by a CCD camera with a 10 
nm bandpass filter centred at 1050 nm. Videos recording near field patterns of output of 7 
capillary AR-HCFs of 1.02 m, 2.83 m and 5 m lengths under 1D scan of input can be found at 
Visualization 3, Visualization 4, and Visualization 5 respectively. 
Figure 2(b) demonstrates the multimode transmission property of AR-HCFs with 
traditional 8 capillary cladding design. As the single-mode fiber moves further from the 
center, the modes of higher order are excited. Highly pure LP31 mode can be easily identified 
which implies low loss (the first image on the left of Fig. 2(b)). 
In the 7 capillary AR-HCF, the misalignment of excitation only causes a change in 
intensity of LP01 mode in 11.3 m transmission (as shown in Fig. 2(c-1)). LP21-like mode (as 
shown in Fig. 2(c-2)) can be observed when the length is cut to less than 3 m. By using off-
center butt-coupling, a cutback measurement of LP21-like modes confirms 2 dB/m attenuation 
at 1064 nm, which is nearly 100 times higher than measured for the LP01 mode. Note that 
even for 1 m fiber length, the 7-capillary fiber shows no evidence of LP11 mode transmission. 
4. Demonstration of single-mode guidance by S2 measurement 
4.1 S2 experiment 
The spatially and spectrally (S2) resolved imaging technique was first proposed by Nicholson 
et al for measuring mode contents of multimode solid fibers [21]. Later this technique was 
successfully applied in measuring the higher-order modes in PBG-HCF [22]. In this paper, we 
adopt S2 measurement to confirm the mode contents of AR-HCFs. 
Figure 3 illustrates the scheme of S2 experiment. A supercontinuum light source was used 
as the optical source. Modes of the fiber under test were excited by using a lens. A standard 
single-mode fiber with cut-off wavelength at 920 nm was used to sample the spectra at the 
different positions on the near field image plane of the fiber output. The OSA resolution was 
set to 0.02 nm, which was the highest resolution achievable on the OSA. 
 
Fig. 3. Scheme of S2 experiment. P1 and P2 are polarizers. L1, L2 and L3 are microscopic 
lenses. The near field image of output of test fiber is to project at imaging plane I. SMF is a 
single-mode fiber mounted on an X-Y translation stage rig and connected with OSA. OSA 
records spectra while SMF 2D scans at plane I under LABVIEW control. M is a flip mirror and 
a CCD camera is used to monitor the near field image at plane I. 
4.2 Measurement results 
Figure 4 shows the S2 measurement results of two fibers. Both fibers were rewound in circles 
of over 1 m in diameter on bench. No extra bending was introduced. 
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The two fibers of similar lengths (11.5 m and 11.3 m) were excited in a similar fashion, to 
optimize the fundamental mode pattern at fiber outputs. The results are shown as the blu 
traces in Fig. 4. At the zero delay points (a) and (c), the reconstructed mode profiles are all the 
modes together. Since the fundamental mode in both fibers has a large proportion of the total 
power, the beam profiles both look like the LP01 mode. In the measurement of 8 capillary AR-
HCF, a peak appears at a group delay of 1.35 ps/m with the amplitude 10 dB below zero 
delay, which matches precisely the prediction of Eq. (1) for the LP11 mode. Reconstruction of 
the modal intensity pattern at this delay (inset) suggests that this is indeed due to the modal 
interference between the LP11 mode and LP01 mode. However, the 7 capillary AR-HCF shown 
in Fig. 1(b) shows no significant peak at all in the S2 measurement. No interference pattern 
due to LP21 modes was found around the 6 ps/m predicted by Eq. (1). To further demonstrate 
this single-mode performance, S2 measurements at different wavelengths (990-994 nm, 1078-
1082 nm and 1150-1154 nm) have been done and no higher-order mode peaks could be 
found. 
 
Fig. 4. S2 measurement of AR-HCFs at the spectral window from 1078 nm to 1082 nm. Insets 
are the reconstructed mode profiles at different group delays. Left: 11.5m long 8-capillary 
cladding AR-HCF in the optimized coupling condition. The first peak at 1.352 ps/m (labelled 
“(b)”) has the LP11 mode profile as shown on top. Right: Blue curve shows the measurement of 
11.3m of 7-capillary cladding AR-HCF in the optimized coupling condition; Orange curve 
shows 8.8 m 7-capillary cladding AR-HCF in the offset coupling condition. No peak caused by 
the LP11 mode is found in the optimized or offset coupling conditions. In the 8.8 m length, the 
existence of LP21 mode is observed at 5.85 ps/m (labelled “(d)”). 
To explore the limit of single-mode performance of 7 capillary AR-HCF, S2 
measurements under different coupling conditions are studied. Using a slightly shorter fiber 
length of 8.8 m, we translated the input coupling lens off-center by 10 µm. We then observe a 
peak appearing at a delay of 5.85 ps/m as shown in Fig. 4(d) with amplitude nearly 20 dB 
below zero delay (the resolution of interference pattern of Fig. 4(d) is limited by the same 
spatial sampling rate and high rank higher-order mode in a smaller core size). This delay is 
consistent with excitation of the LP21 mode as predicted by Eq. (1) using the core diameter 
26.3 µm. However, even this extreme misalignment does not result in any detectable 
interference peak caused by the LP11 mode near 2.53 ps/m as predicted by Eq. (1). This 
confirms the experimental demonstration of the LP11-mode-free transmission in the 7 
capillary cladding AR-HCFs. 
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5. Scaling of fibers for different wavelengths 
We have drawn similar AR-HCFs for other shorter wavelengths. Figure 5 shows the measured 
attenuation of different single-mode AR-HCFs. Near field imaging indicates strongly single-
mode performance in all fibers of approximate 10 m length. All the minimum attenuations 
shown in Fig. 5 are lower than any previously reported in their respective spectral windows 
[4]. SEMs of all five 7-capillary-cladding AR-HCFs can be found in [23]. 
 
Fig. 5. Measured attenuation of single-mode AR-HCFs. Inset (1) to (4) are optical microscope 
images of AR-HCFs corresponding to the labelled attenuation curves. The attenuation curve of 
7 capillary cladding AR-HCF in Fig. 2(b) is replotted as a reference. The minimum 
attenuations are 0.075 dB/m at 541 nm, 0.05 dB/m at 633 nm, 0.045 dB/m at 851 nm, 0.039 
dB/m at 922 nm and 0.022 dB/m at 1068 nm. 
6. Summary 
In this paper, we compare two types of AR-HCFs and experimentally demonstrate the 7 
capillary cladding AR-HCF with low-loss single-mode performance for a broad range of 
wavelengths. LP11-mode-free transmission is experimentally demonstrated. The existence of 
LP21-like modes in the transmission is confirmed with 2 dB/m attenuation through short fiber 
lengths. The scaling of fiber dimension of the new design verifies the robustness of low-loss 
single-mode guidance across the visible spectral range. All data underlying the results 
presented in this paper can be found at [23]. 
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